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Abstract 
We analysed the flow and heat transfer characteristics of a nanofluid in porous medium bounded by a moving 
vertical semi-infinite permeable flat plate in presence of   constant heat generation/absorption, radiation and 
chemical reaction in a rotating frame. The slip velocity is assumed to oscillate in time with constant frequency so 
that the solutions of the boundary layer are the same as oscillatory type. The dimensionless governing equations 
for this investigation are solved analytically using perturbation approximation. In this study two types of 
nanofluids, namely Cu -water and Cu -ethylene glycol are used and the heat transfer characteristics are analysed 
for different shapes of nano particles. The effect of various parameters on the flow and heat and mass transfer 
characteristics are discussed through graphs. 
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Introduction: 
Convective heat transfer in a nanofluid through porous medium bounded by an impulsively moving semi infinite 
permeable flat plate in presence of radiation, magneticfield, chemical reaction and rotation have received a lot of 
attention in the field of several industrial, scientific and engineering applications in recent years. This study is 
more important in industries such as hot rolling, melt spinning, extrusion etc. In particular heating or cooling 
fluids such as water, ethylene glycol and engine oil plays a crucial role in thermal management of high tech 
industries but they have poor thermal characteristics. To enhance the thermal conductivity of the fluid we can 
suspend a solid material of higher thermal conductivity in to the base fluid that mixed solvent is called a 
nanofluid.  
 (Choi,1995) was the first to introduce the word nanofluid that represents the fluid in which nano scale particles 
whose diameter is less than 100 nm. (Cheng and Minkowycz,1977) analysed the free convection over a vertical 
flat plate embedded in a porous medium, they used the boundary layer approximations and found the similarity 
solution for the problem. The natural convection about a vertical plate embedded in a porous medium by 
considering constant wall temperature and constant heat flux was discussed by (Kim and Vafai ,1989). They 
found the analytical solution for the boundary layer flow using the methods of matching asymptotes. (Glora and 
Zinolabedini,1987)  solved a non similar problem of free convective heat transfer from a vertical plate embedded 
in a saturated porous medium with arbitrary varying surface temperature or heat flux. (Ranganathan and 
Viskanta ,1984), (Kumari and Glora,1997) presented an analysis for the combined convection along a non 
isothermal wedge in porous medium. All these studies are concerned with Newtonian fluid flows. 
 (Ece,2005) studied the similarity analysis for the laminar free convection boundary layer flow in presence of 
transverse magnetic field over a vertical down pointing cone with mixed thermal boundary conditions. He found 
the boundary layer velocity and temperature profiles for various values of magnetic parameter and Prandtl 
number. (Moran and Gaggioli ,1968) presented general systematic group formalism for similarity analysis. In 
this problem they reduced governing system of partial differential equations to a system of ordinary differential 
equations. (Eastman et al. ,1997) observed that 2 3Al O -water and CuO -water with 5% nanoparticle volume 
fractions increases the thermal conductivity by 29% and 60% respectively. (Xie et al.,2002)  reported that 
2 3Al O -ethylene glycol with 5% nano particle volume fraction enhanced thermal conductivity by 30%. (Parvin 
et al.,2012) studied variation of thermal conductivity on natural convection flow of water-alumina nanofluid in 
an annulus. They observed significant heat transfer enhancement due to the suspension of nano particles and it 
was accentuated by increasing the volume fraction of the nano particles and Prandtl number as well as large 
Grashof number. Control volume finite volume simulation by MHD forced and natural convection in a vertical 
channel with a heat generating pipe was analysed by (Nasrin and Alim ,2012). They indicated that the flow and 
thermal fields in a vertical channel depends on rate of heat transfer.  
  A detailed study of the natural convection of water based nano fluids in an inclined enclosure 
has been discussed by( Elif,2009). In this study, he investigated heat transfer enhancement using five different 
types of nano particles dispersed in water. The effect of interfacial layers in the enhanced thermal conductivity of 
nanofluids, given by (Yu and Choi,2003). Researchers( Hossain and Takhar,1996) analysed the effect of thermal 
radiation using the Rosseland diffusion approximation on mixed convection along a vertical plate with uniform 
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free stream velocity and surface temperature. (Das,2012) analysed the influence of partial slip, thermal radiation 
and temperature dependent fluid properties on the MHD fluid flow and heat transfer over a flat plate with heat 
generation. (Magyari and Weidman,2006) discussed the heat transfer characteristics on a semi-infinite flat plate 
due to a uniform shear flow, both for the prescribed surface temperature and prescribed surface heat flux. It is 
worth pointing out that a uniform shear flow is driven by a viscous outer flow of rotational velocity whereas the 
classical Blasius flow is driven over the plate by an in viscid outer flow of irrotational velocity. (Hamad et 
al.,2011) studied MHD effects on free convection flow of a nanofluid past a vertical semi-infinite flat plate. 
(Sandeep and Sugunamma,2013) analyzed the effects of inclined magnetic field and radiation on free convective 
flow of dissipative fluid past a vertical plate through porous medium in presence of heat source. (Ghaly,2013) 
considered the thermal radiation effect on a steady flow, where as (Rapits and Massalas,1998) and (El-
Aziz,2009) analyzed the unsteady case. (Sattar and Alam,1994) presented unsteady free convection and mass 
transfer flow of a viscous, incompressible, and electrically conducting fluid past a moving infinite vertical 
porous plate with thermal diffusion effect. Radiation convection interaction problems are found in consideration 
of the cooling of high temperature components, convection cells and their effect on radiation from stars, furnace 
design where heat transfer from surfaces occurs by parallel radiation and convection, the interaction of incident 
solar radiation with the earth’s surface to produce complex free convection patterns and thus to complicate the 
art of weather forecasting and marine environment studies for predicting free convection patterns in oceans and 
lakes was discussed by (Siegel and Howell,1981). (Sandeep et. al, 2013) discussed about EG-Nimonic 80A 
nanofluid characteristics and they found heat transfer characteristics at different shapes of nano particles. 
  In this paper, our main objective is to extend the flow and heat transfer analysis by considering 
thermal radiation, chemical reaction and nano particle shape on boundary layer flow of a nanofluid past a 
moving vertical permeable flat plate in rotation frame. The governing equations are solved analytically using 
perturbation technique. Numerical results are reported for various values of physical parameters of interest and 
discussed graphically. 
Mathematical formulation of the problem 
We consider an unsteady three dimensional free convectional flow of an electrically conducting incompressible 
nanofluid past a semi-infinite vertical permeable moving plate embedded in a uniform porous medium in the 
presence of buoyancy effect with chemical reaction, radiation and constant heat generation/absorption. The 
fluids are ethylene glycol and water based nanofluids containing two types of nano particles namely Cu  
(Copper), 2 3Al O (Aluminium oxide). A uniform external magnetic field B0 is taken to be acting along the z-
axis. It is assumed that there is no applied voltage which implies the absence of an electric field. The flow is 
assumed to be in the x-axis direction which is taken along the plate in the upward direction and z-axis is normal 
to the plate. Also it is assumed that the whole system is rotated with a constant velocity Ω about z-axis. The fluid 
is assumed to be gray, absorbing emitting but not scattering medium. Due to semi-infinite plate surface 
assumption the flow variables are functions of z and time t only. The physical model of the problem is shown in 
figure 1. 
 
 
 
Fig.1 Physical Model of the problem 
 
 
Under the above assumptions the governing equations of the flow is given by  
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The boundary conditions for the problem are given by  
0, 0, ,u v T T C C      for 0t  and for any z  
int int1 ( ) , 0, ,
2
ru U e e v T T C C
 
 
 
      
 
0t   ,z=0. 
0z  0, 0, ,u v T T C C as z            
 
(6) 
 Where Ur is the uniform reference velocity and ε is the small constant quantity.  
The effective density of the nanofluid is given by 
(1 )nf f s                
 (7) 
where   is the solid volume fraction of nanoparticles. Thermal diffusivity of the nanofluid is 
( )
nf
nf
cp nf
k


            
 (8) 
Where the heat capacitance ( )cp nf of the nanofluid is obtained as  
( ) (1 )( ) ( )P nf P f P sC C C               
  (9) 
The effective thermal conductivity of the nanofluid according to Hamilton and Crosser [27] model is given by 
( 1) ( 1)( )
( 1) ( )
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   (10) 
The thermal expansion coefficient of the nano fluid is given by 
( ) (1 )( ) ( )nf f s                      
  (11) 
Also the effective dynamic viscosity of the nanofluid given as 
2.5(1 )
f
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  (12) 
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where pn  is the empirical shape factor for nanoparticle. In particular 3pn   for spherical shaped nano particles 
and 3/ 2pn  for cylindrical shaped nanoparticals.  is the solid volume fraction of the nano particles k  is 
thermal conductivity. Here the subscript ,nf f and s represents the thermo physical properties of nanofluid, 
base fluid and solid nanoparticals respectively. 
By using Rosseland approximation the radiative heat flux leads to  
44 *
3 *
r
T
q
k y
 
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
                                                   
(13) 
 Where * *and k  are Stefan-Boltzmann constant and the mean absorption coefficient respectively. 
4 4( ) 4 * *( )r yq a T T                                          
(14) 
If the temperature differences are within the flow are sufficiently small such that  
4T  may be expressed as a 
linear function of temperature, then expanding 
4T  in Taylors series about T  and neglecting higher order terms 
we get 
4 3 44 3T T T T                                                     
(15) 
The continuity equation (1) gives 
0w w                            
(16) 
where 0w  represents the normal velocity at the plate which is positive for suction and negative for injection. 
Let us introduce the following non-dimensional variables      
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 where 
fv  is the kinematic viscosity of nanofluid. By substituting Eq.(17) into Eqs. (2) to (5) yields the 
following dimensionless equations (dropping primes) 
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Where  
R  is the rotational parameter, M  is the magnetic field parameter, Pr  is the Prandtl number, S  is the 
suction ( 0)S  /injection ( 0)S   parameter. K  is the permeability of the porous medium, Q  heat source 
parameter, F is the radiation parameter, Sc is Smidth Number and Kr is the chemical reaction parameter. 
 The velocity characteristic rU is defined as
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(22) 
we now simplify equations (18) and (19) by putting the fluid velocity in the complex form as 
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Also the boundary conditions (22) become 
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Analytical solutions 
To find the analytical solutions of the system of partial differential equations (20), (21) and (23) in the 
neighbourhood of the plate under the boundary conditions (24), we express V,  and   as  
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for (1).  Invoking the above equations (25) to (27) into the equations (20),(21) and (23) and equating the 
harmonic and non Harmonic terms and neglecting the higher order terms of 
2 , we obtain the following set of 
equations. 
Zeroth order Equations are: 
2.5 2.5
0 1 0 1 0 2 0 3 0(1 ) (1 ) 0V S V BV J J L                 (28) 
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Second order Equations are:  
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Where Primes denotes differentiation with respect to z .The corresponding boundary conditions can be written as   
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2 2 20, 0, 0V     as z                (38) 
Solving the equations from (28) to (38) with the boundary conditions (37) and (38), we obtain the expressions 
for the velocity, temperature and concentration as follows 
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Results and Discussion 
 In order to get the physical insight into the flow problem, comprehensive numerical results are presented 
graphically for various values of parameters that describe the flow characteristics. In the numerical calculus we 
have used the data presented in Table 1 for the thermophysical properties of the fluid and the nano particles. 
Following Sandeep et al. [26], we considered the range of nano particle volume fraction 0 0.2.   
The Prandtl Numbers of the base fluids Ethylene Glycol(EG) and water kept constant at 203 and 6.785 and we 
are chosen / 2, 0.05, 10nt n    .In present study we analysed the results for different shape of nano 
particles. That is 3, 3 / 2p pn n   for spherical and cylindrical shaped nanoparticles   respectively. The 
parameters , , , , , , ,Q R S F K M Sc and Kr are varied over a range, which are listed in the figures legends. 
Table 1 Thermophysical Properties of Ethylene Glycol, Water and nanoparticles  
 
Physical 
properties 
EG  Water Cu  
3( / )kg m  1115 997.1 8933 
C (J/ Kg )p K  2386 4179 385 
( / )k W mK  0.2499 0.613 400 
510 (1/ )K   3.41 21 1.67 
 
Fig. 1 shows the effect the permeability parameter K on velocity profiles of Cu-Water and Cu-EG nanofluids. It 
is clear that the increase in K leads to increase in the velocity of the nanofluid on the porous wall and so enhance 
the momentum boundary layer thickness. It is obvious that the velocity profiles of Cu-Water nanofluid is 
effective compared to Cu-EG nanofluid. 
0 0.5 1 1.5 2 2.5 3 3.5 4
0
0.2
0.4
0.6
0.8
1
1.2
1.4
z
V
 
 
K=0.2,0.4,0.6
_________ Cu-Water
---------------- Cu-EG
 
Fig.1 Velocity profiles for different values of K when 0.02, 1, 0.3, 0.1, 1,F R t M       
0.5,Sc 0.2, 5Kr Q    and 5S 
 
Industrial Engineering Letters                                                                                                                                                            www.iiste.org 
ISSN 2224-6096 (Paper) ISSN 2225-0581 (online) 
Vol.4, No.11, 2014 
 
15 
0 0.5 1 1.5 2 2.5 3 3.5 4
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1
1.1
z
V
 
 
M=0.5,1.0,1.5
_________  Cu-Water
 
................  Cu-EG
 
Fig.2 Velocity profiles for different values of M when 0.1, 1, 0.3, 0.1,K 0.1,F R t       
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Fig.3 Velocity profiles for different values of R when 0.1, 1,M 1, 0.1,K 0.1,F t       
0.5,Sc 0.2, 5Kr Q    and 5S 
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Fig.4 Velocity profiles for different values of S (>0) when 0.1, 1,M 1, 0.1,K 0.1,F t       
0.5,Sc 0.2, 5Kr Q    and 0.3R 
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Fig.5 Velocity profiles for different values of S (<0 when 0.1, 1,M 1, 0.1,K 0.1,F t       
0.5,Sc 0.2, 5Kr Q    and 0.3R 
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Fig.6 Velocity profiles for different values of   when 5, 1,M 1, 0.1,K 0.1,S F t      
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Fig.7 Velocity profiles for different values of Kr   when 5, 1,M 1, 0.1,K 0.1,S F t      
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Fig.8 Velocity profiles for different values of F   when 5,Kr 0.5,M 1, 0.1,K 0.1,S t      
0.1,Sc 0.2, 5Q     and 0.3R   
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Fig.10 Temperature profiles for different values of Q   when 5,Kr 0.5,M 1, 0.1,K 0.1,S t      
0.1,Sc 0.2,F 1     and 0.3R   
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Fig.11 Temperature profiles for different values of F   when 5,Kr 0.5,M 1, 0.1,K 0.1,S t      
0.1,Sc 0.2,R 0.3     and 5.Q   
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Fig.12 Temperature profiles for different values of Pr   when 5,Kr 0.5,M 1, 0.1,K 0.1,S t      
0.1,Sc 0.2,F 1     and 5.Q   
 
Fig. 2 depicts the effect of magneticfield parameter on velocity profiles. It is evident that the velocity profiles 
decreases with increase in magneticfield strength. The effect of magnetic field on an electrically conducting fluid 
give rise a resistive type force called Lorentz force. This force have tendency to slow down the motion of the 
fluid in the boundary layer. In addition, it observed that the effect of M is more on Cu-EG nanofluid compared to 
Cu-Water nanofluid.  
Fig. 3 illustrates the influence of rotation parameter on velocity profiles. For both Cu-Water and Cu-EG it is 
observed that increasing in R tends to decrease in velocity across the boundary layer and so decrease the 
momentum boundary layer thickness. As like previous cases rotation effect is more on Cu-EG nanofluid 
compared to Cu-Water. 
Figs. 4 and 5 display the effect of suction/injection parameter on the fluid velocity for both Cu-water and Cu-EG 
nanofluids. From figures it is observed that the velocity of the fluid across the boundary layer decreases by 
increase in suction parameter S (>0) but it is reverse in case of injection parameter S (<0).It is interesting to note 
that when S<0 ,the velocity profiles of Cu-Water nanofluid follows the Cu-EG nanofluid profiles for large values 
of z. It is evident that influence of suction parameter S (>0) is more effective on Cu-Water nanofluid compared 
to Cu-EG nanofluid.
 
Fig. 6 illustrates the effect of velocity profiles for different values of the volume fraction parameter . It is clear 
that the velocity profiles decreases with increase in nanopartical volume fraction parameter  . This is due to fact 
that the increase in volume fraction causes the increase in thermal boundary layer thickness.Fig. 7 depicts the 
velocity profiles for different values of chemical reaction parameter Kr. It is evident that increase in chemical 
reaction parameter causes the decrease in velocity profiles for both Cu-Water and Cu-EG nanofluids. It is 
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interesting to note that for higher values of z the velocity profiles fluxgates and takes reverse action after certain 
time.   
Fig. 8 shows the effect of radiation parameter on velocity profiles of the fluid. The increase in thermal radiation 
causes the decrease in velocity profiles across the boundary layer. This is due to fact that a decrease in the values 
of F means that decrease in the Rosseland radiation absorptiveness. 
This causes the increase in boundary layer thickness. It is prominent to mention here the effect of radiation is 
similar on both Cu-Water and Cu-EG nanofluids. 
Fig. 9 represents the velocity profiles for different values of heat source parameter .From the graphs it is clear 
that there is a decrease in velocity profiles of the fluid an increase in Q. This is because when heat is absorbed, 
the buoyancy forces decrease which retard the flow rate and thereby give raise to a decrease in velocity profiles. 
Fig. 10 depicts the temperature profiles for different values of heat source parameter. It is clear that increase in 
heat source parameter decreases the temperature of the fluid. It is due to the fact that heat absorption dominates 
the heat generation.Fig. 11 illustrates the effect of radiation parameter on temperature profiles. It is clear that 
increase in radiation parameter causes the increase in fluid temperature for both nanofluids.Fig.12 illustrates the 
effect of Prandtl number on temperature profiles. It is observed that the increase in Prandtl number causes the 
decrease the fluid temperature for Cu-water and Cu-EG nanofluids. 
 
Conclusions 
We analysed the flow and heat transfer characteristics of a nanofluid in porous medium bounded by a moving 
vertical semi-infinite permeable flat plate in presence of   constant heat generation/absorption, radiation and 
chemical reaction in a rotating frame. The dimensionless governing equations for this investigation are solved 
analytically using perturbation approximation. In this study two types of nanofluids, namely Cu-water and Cu-
ethylene glycol are used and the heat transfer characteristics are analysed for different shapes of nano particles. 
The effect of various parameters on the flow and heat and mass transfer characteristics are discussed and we 
observed the 
1. Velocity and temperature profiles of the fluid are more influenced by Radiation and Magneticfield parameters. 
2. Suction parameter and chemical reaction parameter helps to reduce the velocity of the fluid and these 
parameters effect is high on Cu-EG nano fluid. 
3. Shape of the nano particle does not shown any significant difference in velocity and temperature profiles of 
the fluid. 
4. Decrease in nano particle shape enhances the velocity profiles of the fluid. 
5. Increase in rotation causes the decrease in velocity profiles of the fluid. 
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